Background: The preferred walking speed (PWS), also known as the "spontaneous" or "selfselected" walking speed, is the speed normally used during daily living activities and may represent an appropriate exercise intensity for weight reduction programs aiming to enhance a more negative energy balance. Objectives: The aim of this study was to examine, simultaneously, the energetics, mechanics, and perceived exertion determinants of PWS in individuals with obesity. Methods: Twenty-three adults with obesity (age 32.7 ± 6.8 years, body mass index 33.6 ± 2.6 kg/m 2 ) were recruited. The participants performed 10 min of treadmill familiarization, and PWS was determined. Each subject performed six 5-min walking trials (PWS 0.56, 0.83, 1.11, 1.39, and 1.67 m/s). Gas exchanges were collected and analyzed to obtain the gross energy cost of walking (G Cw ), rated perceived exertion (RPE) was measured using a 6-20 Borg scale, and the external mechanical work (W ext ) and the fraction of mechanical energy recovered by the pendular mechanism (Recovery) were computed using an instrumented treadmill. Second-order least-squares regression was used to calculate the optimal walking speed (OWS) of each variable. Results: No significant difference was found between PWS (1.28 ± 0.13 m/s) and OWS for G Cw (1.28 ± 0.10 m/s), RPE cost of walking (1.38 ± 0.14 m/s), and Recovery (1.48 ± 0.27 m/s; p > 0.06 for all), but the PWS was significantly faster than the OWS for W ext (0.98 ± 0.56 m/s; p < 0.02). Multiple regression (r = 0.72; p = 0.003) showed that ∼52% of the variance in PWS was explained by Recovery, W ext , and height. Conclusion: The main finding of this study was that obese adults may select their PWS in function of several competing demands, since this speed simultaneously minimizes pendular energy transduction, energy cost, and perceived exertion during walking. Moreover, recovery of mechanical work, external work, and height seem to be the major determinants of PWS in these individuals.
Introduction
Obesity has been recognized as a chronic progressive disease with a worldwide prevalence that has more than doubled over the past decades, and its prevention and treatment are a public health priority [1] . The weight gain that leads to obesity is the result of an imbalance between energy intake and energy expenditure. Although a decreased level of physical activity [2] may contribute to a reduction in energy expenditure, the role of physical activity in energy balance [3] , weight maintenance, and weight loss remains controversial [4] [5] [6] . However, higher levels of physical activity are consistently associated with weight loss maintenance [7] , and thus may be an active and useful strategy for weight management in obese people [6, 8] . Walking represents the most common modality of physical activity in daily life and constitutes an important factor of specific nonexercise activity thermogenesis [9] . The preferred walking speed (PWS), also known as the "spontaneous" or "self-selected" walking speed, is the speed normally used during daily living activities as well as an appropriate exercise intensity for weight reduction programs aiming to enhance a more negative energy balance [10, 11] .
Obese adults prefer to walk at a slower PWS than their lean counterparts [12] [13] [14] [15] . This slower preferred pace was commonly associated with several differences in gait pattern, such as a reduction in stride length and frequency, a longer stance and double support phase duration, and a shorter swing phase [12] [13] [14] [15] . Moreover, obese individuals walk in a more erect posture, with lower knee and hip flexion as well as higher ankle plantarflexion compared to lean subjects [13] . However, this slower PWS remains very close to the most economical speed (i.e., the speed that corresponds to the lowest energy expenditure per distance [the energy cost of walking]) [16, 17] . This outcome confirms, in this population, the well-established principle that lean individuals prefer to walk optimizing energy cost [18] [19] [20] . Nevertheless, the processes by which people select a PWS close to optimal walking speed (OWS) are not clear, and they emerge from competing demands of several constraints, such as stability, accuracy, and force minimization [20] . Moreover, energy optimization can be modulated by life experiences and people can "learn" how to "tune" the physiology and biomechanics of walking to optimize their gait pattern and to become more economical [20] [21] [22] . In fact, as a result of precocious and chronic adaptation to loading, adults with Prader-Willi syndrome, who develop morbid obesity during early childhood, prefer to walk at a slower PWS to improve the pendulum-like mechanism (i.e., pendular energy transduction) compared to adults with nonsyndromal obesity [22] . Therefore, under the chronic extra loading, adults with nonsyndromal obesity can select a slower PWS and can modify their gait pattern to increase the dynamic balance during walking [23] , to minimize the load on the knees [13] , to reduce the increment of the external mechanical work (W ext ) [24] , and thus to optimize the energy cost of walking at this speed. Moreover, it was previously suggested that the "principle of least effort" may be another important determinant in walking regulation in lean individuals [25] . This author speculated that the central nervous system (CNS) would be able to adapt and control walking based on perceived exertion, readapting the movement patterns to minimize energy expenditure. However, to the best of our knowledge, no studies have been conducted to simultaneously investigate these minimizing strategies during walking in indi- Therefore, the aim of this study was to simultaneously examine the energetics, mechanics, and perceived exertion determinants of the PWS in obese individuals. We hypothesized that individuals with obesity choose a PWS that simultaneously optimizes the energy cost, W ext , and perceived exertion of walking.
Methods

Participants
Twenty-three obese adults (age 18-45 years, body mass index [BMI] > 30 kg/m 2 ), who were healthy but sedentary (≤2 h of physical activity per week over the past year [26] ) and free of any neurological, orthopedic, cardiovascular, or respiratory condition, were recruited for this study. They were extensively screened by a physician, who performed a physical examination.
Experimental Design
The participants were asked to refrain from vigorous physical activity for the 24 h preceding the experimental session, and they attended the laboratory at least 3 h following the consumption of their last meal. Prior to testing, anthropometric characteristics and body composition were assessed. Subjects then performed a 10-min treadmill familiarization (T150-FMT-MED; Arsalis, Glabais, Belgium) at the experimental walking speeds [27] , and PWS was determined according to the protocol described previously by Martin et al. [28] . After 5 min of resting, each individual completed another 5-min level walking trial at each equally spaced speed (0.56, 0.83, 1.11, 1.39, and 1.67 m/s) in a randomized order on the instrumented treadmill, with 5-min rest periods in between speeds. During the walking trials, metabolic and mechanical data were acquired. Assessments Anthropometric Characteristics. Standing height was measured using a Harpenden stadiometer. Body mass was measured using a precision digital scale with the subject wearing shorts, T-shirt, and shoes.
Body Composition. Dual-energy X-ray absorptiometry (iDXA; GE Healthcare Lunar, WI, USA) was used to assess whole-body composition (lean and fat total body mass, trunk, and upper and lower limbs). The android/gynoid fat ratio was calculated from the regions of interest according to the manufacturer's instructions ( Fig. 1) . Briefly, the android region of interest included the area between the hip and 20% of the hip-neck distance. The lateral limits of the android area corresponded to the medial surface of both upper limbs. The gynoid region of interest was placed below the hip, with the upper limit at a distance equal to 1.5 times the height of the android region of interest. The lower limit was set at a distance 3.5 times the height of the android region of interest, and the lateral limits were defined by the medial surface of both lower limbs.
Preferred Walking Speed. The participants started to walk on the treadmill at the lowest experimental speed (0.56 m/s), which was gradually increased until the individual subjectively identified the PWS. This procedure was repeated, starting from the highest familiarization speed (1.67 m/s) and slowly reducing speed until the PWS was again selected by the subjects. The average of the two speeds selected by the participants (i.e., increasing and decreasing speed trials) was considered the final PWS [29] .
Energy Cost of Walking. Prior to the walking trials, expired gases were collected and analyzed during 5 min in the standing position. Oxygen consumption and CO 2 production were continuously measured breath by breath (Oxycon Pro; Jaeger, Höchberg, Germany). Gases and volume calibration were checked before each exercise test. During the standing and walking trials, the metabolic data from the last minute were averaged (steady metabolic state with respiratory exchange ratio < 1) and used to calculate the gross metabolic rate (GMR; W/kg) based on the energy equivalent of oxygen [30] . The GMR was then divided by the corresponding walking speed to obtain the gross energy cost of walking (G Cw ; J/kg/m).
Rated Perceived Exertion. At the end of each walking trial, all subjects were asked for the rated perceived exertion (RPE) using a 6-20 Borg scale [31] . RPE was then divided by the walking speed to calculate the RPE cost of walking (RPE Cw ).
W ext and Recovery. The vertical (F v ), forward (F f ), and lateral (F l ) components of the ground reaction forces were acquired from the instrumented treadmill during the last 30 s of each walking trial at a sampling rate of 1,000 Hz, and 10 consecutive strides were selected [29] . From these data and from the mass of each subject (m), the three-dimensional accelerations of the center of mass were calculated, and, after a mathematical integration, the three components of the velocity changes were obtained (V v , V f , and V l ). All strides were selected for analysis when the sum of the increments in V v , V f , and V l changes did not differ by more than 25% from the sum of the decrements [32] . Instantaneous vertical (E kv ), forward (E kf ), and lateral (E kl ) kinetic energies of the center of mass were computed as follows:
A second mathematical integration of the vertical component of the velocity (V v ) was performed to obtain the height of the center of mass (h). The instantaneous potential energy (E p ) was then computed from h, m, and gravity (g = 9.81 m/s 2 ): The total mechanical energy of the center body mass (E tot ) was calculated as the sum of the increments in E k and E p :
W ext was defined as the sum of the positive increments in E tot . Throughout this paper, W ext is expressed in relative values (J/kg/m).
Recovery. In walking, the motion of the center of mass is similar to that of an inverted pendulum [33] . Thus, mechanical energy is recovered within each step by the pendular transduction of E k into E p and vice versa. The fraction of energy recovered due to this transduction was calculated according to previous studies [ 
where W k and W p represent the increments of the E k and E p curves, respectively.
OWS. Second-order least-squares regression was used to model the U-shaped relationship curves between the different variables (G Cw , RPE Cw , W ext , and Recovery) and the walking speed. OWS was then calculated, for each subject and relationship, as the maximal (Recovery) or minimal (G Cw , RPE Cw , and W ext ) point of the U-shaped curve (i.e., differentiation of each model equation).
Statistical Analysis
A one-way repeated-measures ANOVA was used to compare the PWS with the OWS for G Cw , RPE Cw , W ext , and Recovery. ANOVA was followed by contrasts when the interaction effect was or tended to be significant. Greenhouse-Geisser or Huynh-Feldt adjustments were employed when the assumption of sphericity was violated. Additionally, Bonferroni correction was used to detect significant differences. A paired t test was performed to compare the different variables (GMR, G Cw , RPE, RPE Cw , W ext , and Recovery) assessed at PWS and determined at OWS. Multiple and backward stepwise regression analysis was used to analyze the effects of the anthropometric (age, height, BMI, body mass, total fat, and lean mass), energetic (G Cw ), and mechanic variables (W ext and Recovery) as well as the RPE on the PWS. Data are expressed as mean ± standard deviation for all variables, and the level of significance was set at p < 0.05. Values are mean ± SD except for sex. F, female; M, male. 
Results
Participant Characteristics
The anthropometric characteristics of the participants are reported in Table 1 .
PWS versus OWS
No significant difference was found between PWS (1.28 ± 0.13 m/s) and OWS for G Cw (1.28 ± 0.10 m/s), RPE Cw (1.38 ± 0.14 m/s), and Recovery (1.48 ± 0.27 m/s; p > 0.06 for all; Fig. 2 ), but PWS was significantly faster than OWS for W ext (0.98 ± 0.56 m/s; p = 0.02; Fig. 2 ). This OWS for W ext was significantly slower than the OWS found for G Cw , RPE Cw , and Recovery (p < 0.01 for all; Fig. 2 ).
Recovery was slightly but significantly lower at PWS than at the optimal speed for this variable (-4%; p < 0.001; Table 2 ). At PWS, G Cw , RPE Cw , and W ext were significantly higher than these values at their respective OWS (+3, +8, and 11%; p = 0.008, p = 0.007, and p = 0.005, respectively; Table 2 ). However, RPE and GMR at PWS were not significantly different than at OWS (p > 0.35 for both; Table 2 ). A significant correlation was found between PWS and RPE Cw (r = -0.43; p = 0.04). Values are mean ± SD. G Cw , gross energy cost of walking; GMR, gross metabolic rate; OWS, optimal walking speed; PWS, preferred walking speed; Recovery, fraction of mechanical energy recovered by the pendular mechanism; RPE, rated perceived exertion; RPE Cw , rated perceived exertion cost of walking; W ext , external mechanical work. * Significant difference between PWS and OWS (p < 0.05). Multiple regression analysis (r = 0.72; r 2 = 0.52; adjusted r 2 = 0.45; standard error of estimate = ±0.09; p = 0.003) showed that ∼52% of the variance in PWS was explained by Recovery (standardized coefficient = 0.7; p = 0.02), W ext (standardized coefficient = 1; p < 0.001), and height (standardized coefficient = 0.36; p = 0.04).
Discussion
The main finding of this study was that obese adults may select their PWS in function of several competing demands since this speed simultaneously minimizes pendular energy transduction, energy cost, and perceived exertion during walking (Fig. 3) . Moreover, Recovery, external work, and height seem to be the major determinants of PWS in these individuals.
The PWS selected by our group in this study (1.28 ± 0.13 m/s) was in agreement with previous studies that reported similar values for this population [14, 34, 35] . However, Browning and Kram [17] measured a higher PWS (1.40 m/s) in adults with the same level of obesity (class I). The slower PWS that we found might be due to methodological differences [36] . In fact, these authors measured the PWS outdoors, whereas in our study, a treadmill was used. Our PWS values are in line with several articles that reported a slower self-selected speed in obese adults than in normal body weight individuals [11, 14, 15, 37, 38] . This slower PWS is usually associated with a shorter step length and a lower step frequency, increasing the time spent during the double support as well as walking with wider steps in obese adults [13] [14] [15] [16] . Some authors suggested that these self-selected speeds may be inversely correlated with BMI [16, 17] , and these gait modifications may arise from anthropometric characteristics such as thigh diameter. Although no correlation was found between PWS and BMI and body composition parameters, multiple regression showed that part of the PWS variance was explained by height. This result confirms previous findings that demonstrated that height explained 30% of the variation in walking speed [39] . Moreover, Błaszczyk et al. [40] reported a correlation between body height and limb length with PWS in obese adults, suggesting that these anthropometric characteristics may substantially affect self-selected speed.
Other authors hypothesized that the selection of PWS is aimed at optimizing the gait energy cost [41] . This hypothesis was also confirmed by our results, with no difference between PWS and OWS for G Cw , corroborating previous findings that suggested that the self-selected speed is very close to the walking speed that minimizes energy expenditure ( Fig. 2 ; Table 2 ) [18, 19] . However, other factors such as pain [16] , impaired balance [11] , or W ext [15, 42] may affect the selection of PWS in individuals with higher levels of adiposity. In fact, Malatesta et al. [15] suggested that obese individuals chose a slower PWS to minimize W ext during walking. However, the PWS found in our study was significantly faster than the OWS for W ext (+24%; Fig. 2) , with higher W ext at PWS than at OWS (+11%; Table 2 ). In contrast, there was no significant difference between PWS and OWS for Recovery (Fig. 2) , with Recovery values at PWS that were slightly lower (-4%; Table 2 ). The OWS for W ext (0.98 ± 0.56 m/s) found in our group of obese individuals is slower than previously reported optimal speed values for lean individuals (1.1 m/s) [43, 44] , whereas the OWS for Recovery (1.48 ± 0.27 m/s) found in our study is similar to the optimal speed previously reported in normal body weight individuals [43, 44] . Although our findings showed these significant differences in terms of W ext between PWS and OWS, regression analysis revealed that ∼52% of the PWS variation was explained by Recovery, W ext , and height (i.e., the main determinants of PWS). The latter analysis highlights that, due to the excess of body mass, obese individuals might select a PWS that reduces the increased muscular effort and work to translate the center of mass with respect to the ground (i.e., W ext ) [15] and to improve pendular energy transduction (i.e., Recovery) similar to adults with Prader-Willi syndrome [22] and African women carrying loads on their heads [44] . This optimization of pendular energy exchange would be an adaptive mechanism against the extra load to minimize W ext and energy cost of walking [22, 43, 45] . In fact, although some of the mechanical and energetic variables at PWS and OWS are slightly but significantly different ( Fig. 2; Table 2 ), the values of these variables of PWS were close to those of OWS and were in the region where the relationships were relatively flat (i.e., the bottom/top of the U-shaped curves; Fig. 2 ) [16] . Taken together, these findings suggest that individuals with obesity may select a PWS in terms of the function of several factors, such as external work, pendular transduction, and energy cost of walking. According to this, some authors suggested that human locomotion is affected by multifactorial interactions resulting from both neural and mechanical aspects [46, 47] . Donelan et al. [48] found that the CNS is able to adjust the gait pattern based on sensory receptors to control stability with a metabolic cost. However, Wong et al. [49] reported that blood gas receptors are not used to optimize movements to minimize energy cost and that the CNS may estimate energy cost from other sensory signals. For instance, it has also been suggested that, in lean individuals, the CNS objective during locomotion is the minimization of perceived exertion (i.e., the "principle of least effort") [25] . This approach is in line with our results, with a correlation found between PWS and RPE Cw , along with no difference between PWS and OWS for RPE Cw (Fig. 2) and similar values of RPE at PWS and its OWS ( Table 2) . This is the first study to experimentally corroborate the suggestions of Marcora [25] in obese individuals, for whom exercise tolerance is a more limiting factor than got lean individuals. Moreover, our findings confirm previous results which showed that the step frequency chosen corresponds to the one perceived as the least strenuous in different conditions [20] , and they suggest that, compared with lean individuals, the slower PWS selected in obese adults may also be explained by their higher perception of effort in a physical task [10] . Future studies should further investigate other potential factors that may explain additional variance in the selection of PWS in obese individuals, such as affective experiences [50] and genetic factors [51] .
Some limitations need to be addressed. First, the inclusion of a control group with lean individuals may provide a way to show the differences in the selection of PWS between obese and lean individuals. However, several studies have already reported that PWS is slower in obese than in lean individuals [12] [13] [14] [15] and inversely correlated with body mass and BMI [15] . Moreover, several studies have been already been conducted to investigated the factors affecting the selection of PWS in lean individuals [18] [19] [20] . For these reasons and for clarity's sake, we chose to use only one group of obese individuals to focus our study only on the specific determinants of PWS in this population. Second, the participants of our study belonged to either class I or II of obesity. Therefore, a more marked difference between the PWS selected and OWS may exist in a group of adults with obesity class III with a slower PWS. In fact, a PWS of only 0.75 m/s in a group of women with obesity class III [52] and of 1.09 m/s for a group of men with the same class of obesity [14] have been reported. Third, the use of a treadmill may lead to an underestimation of PWS as well as an overestimation of oxygen cost [53] . In fact, two studies reported a slower PWS on the treadmill compared to over ground in young and older individuals related to "safety-related" gait adaptions, such as reduced step length, increased step frequency, and double support duration, which are also distinctive features of obese adults [36, 53] . Fourth, the internal mechanical work (i.e., the energy fluctuations of the segments with respect to the center of the body mass) was not assessed in this study. This may contribute to determine the role of mechanical work on PWS [54] . However, the calculation of the internal mechanical work requires several assumptions about segment properties and transfer of energy between them, which may lead to an uncertainty in the calculation of the mechanical work, especially in obese adults [44] .
In conclusion, obese adults select a PWS from competing demands of several constraints. This speed minimizes, simultaneously, pendular energy transduction, energy, and effort perceived costs during walking ( Fig. 3 ). Furthermore, Recovery, W ext , and height seem to be the main determinants of PWS in these individuals. This outcome may be due to the higher body mass in these subjects, which could lead to greater local muscle effort and external work performance, highlighting the importance of inducing a loss in body mass for decreasing W ext and subsequently for increasing PWS in this population.
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